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Fourier transform ion cyclotron resonance mass spectrometry has been used to measure the 
reaction rates for ions derived from methylamine with dimethylamine or trimethylamine. 
The use of the selective ion ejection technique greatly simplihes the elucidation of the 
ion-molecule reaction channels. The rate constants for proton transfer from protonated 
meth 
lo- UY 
lamine, CH,NHi (m z 32 to dimethylamine and trimethylamine are 16.1 + 1.6 x 
6 3)? and 9.3 + 0.9 x 10-l cm molec-‘s-‘, 
transfer from methylamine molecular ion, 
respectively. The rate constants for charge 
CH,NH$ (m bz 31), to dimethylamine and 
trimethylamine are 9.3 * 1.8 x 10-l’ and 15.0 f 5 x 10-l cm3molecc1sx1, respectively. 
(J Am Sot Mass Spectrom 1991, 2, 220-225) 
A s recently shown, the slow nucleophilic substi- tution reactions of protonated monoalkyl- amines [l] are in competition with fast proton 
transfer processes to dialkylamines and trialkyl- 
amines, which are the usual impurities (I 1%) in the 
main reactant. In the study of the nucleophilic substi- 
tution reaction in methylamine: 
CH,NH; + CH3NH, + (CH&N% f NH, (1) 
it was assumed that this reaction occurs with a rate 
constant approximately two orders of magnitude 
lower than the proton transfer processes to dimeth- 
ylamine and trimethylamine impurities: 
CH,NH; + (CH&NH + (CH,),NH: + CH,NH, 
(2) 
cH,m; + (cxQ3m --t (CH&NH++ ~I,NH, 
(3) 
In any realistic kinetic study of nucleophilic dis- 
placement reactions one has to take into account the 
presence of these impurities, because even small 
amounts of dimethylamine or trimethylamines con- 
tributing to the formation of methylated ion products 
will play a crucial role in measurements of the rate 
constant of reaction 1. Some rate constants for proton 
transfer processes from methylamine molecular ion or 
its fragment ions to neutral methylamine to form the 
corresponding protonated ion species (m/z 32) have 
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been previously measured [2-91, and are summarized 
in Table 1. Clearly these rate constant values are 
scattered over a factor of two, which seems to be 
outside the normally admissible experimental error. 
To date, kinetics of proton transfer between different 
alkylamines have not been reported; however, gener- 
ally it has been stated that these processes are very 
fast, probably occurring at or near the collision rate 
1101. 
In this article we report kinetic data for reactions 
between methylamine and its fragments with meth- 
ylamine in order to determine whether the rate con- 
stants are closer to the collision rate predicted by 
trajectory calculation Ill], or whether they are nearer 
the values of lo-‘* cm3molec-‘s-’ as measured by 
Munson [2]. In addition, we report kinetic data for 
reactions of ions derived from methylamine with 
dimethylamines and trimethylamines. These data may 
then be used to deduce the level of impurities in 
alkylamines and to determine the occurrence, or lack 
thereof, of the nucleophilic displacement reaction (1). 
Experimental 
All measurements in this study were carried out at 
ambient temperature ( -23 “C) on a Spectrospin 
CMS-47 Fourier transform ion cyclotron resonance 
(FT-ICR) spectrometer [12, 131. Pure compounds or 
mixtures in known ratio of amines were introduced 
into the ICR cell through a heated inlet controlled by a 
manual precision leak valve. The pressure of the reac- 
tants in the cell measured with a Balzers UHV ioniza- 
tion gauge was always - 3 X lo- 8 mbar. The applica- 
tion of the radio frequency resonance ejection tech- 
nique to all undesired ion species allowed the isola- 
tion of a single ionic species in the ICR cell, and the 
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Table 1. Rate constants for the formation of protonated methylamine (m/t 32) in unit: 117~~ c&n&-‘s-l 
Ref 2 Ref 3 Ref 4 Ref 5 Ref 6O Ref 7b Ref 6’ 
CH,N, + CHJNH, 9fl 16 19 14 * 3 12 * 0.0 20 * 5 16.4 
CH,NH,f + CH,NH, 7 6 12 4*1 11 + 1 2025 - 
CHNH++ CH,NH, 9 16 5*3 _ - - 
~Photoionizatian rn8.s opectrometer, at 1 1.5 eV. 
Drift tube experiments. 
%n cyclotron resonance mass pectrometer. 
subsequent measurements of its disappearance with a 
variable time delay allowed determination of the rate 
constants. The pulse sequence used in the present 
experiments is shown in Figure 1. 
Methylamine, dimethylamine, and trimethylamine 
(Matheson) were of the best available purity (- 99%) 
and were used without further purification. 
The numerical simulation written by L. P. A. Ro- 
bichaud [14] to find solutions for a system of first-, 
second-, and/or third-order kinetic differential equa- 
tions was used to calculate the rate constants of pro- 
ton or charge transfer processes in the mixtures of 
methylamines. In order to run this program the initial 
concentrations (at t = 0) must be known and a reac- 
tion mechanism and initial rate constants must be 
assumed. The initial concentrations of neutral reac- 
tants are known from the total pressure and the 
mixture ratios. Since the absolute initial concentration 
of the primary ion species is not known, it was arbi- 
trarily chosen to be 1% of the neutral concentration, 
which is small enough to maintain the concentration 
of neutral reactants at a constant level during the 
experimental reaction time. If more realistic values of 
0.1% or 0.01% for the initial concentration of primary 
ion species were used, the calculation time increases 
correspondingly without changing the results. 
The accuracy of the values of the rate constants 
determined depends heavily on the chemical sensitiv- 
ity of the ionization gauge [WI. The Bartmess relation 
(R, = 0.36a + 0.30, IY being the polarizability) was 
used to correct the pressure reading for pure gases 
[16]. However, in the case of gas mixtures no empiri- 
cal relation exists that could help us establish the real 
pressure in the ICR cell; therefore, as a first approxi- 
mation, a weighted-average value for the corrected 
pressure of the mixture was used. We expect that rate 
constant values are accurate to within 10% for reac- 
tions 2-5, but only within 20% for all reactions whose 
rates have been obtained via numerical simulation for 
ion-molecule processes in mixtures. 
Results and Discussion 
The selectively isolated molecular ion CH,NH: (m /z 
31) is observed to react with monomethylamine only 
by proton transfer process: 
CH,NH; -5 CH,NH, + CH,NH: + CH2NH2. 
(4 
The selectively isolated fragment ion CH,NH$ 
(m/z = 30) reacts with neutral monomethylamine also 
only by proton transfer: 
CH,NH; + CH,NH, * CH,NH; + CH,N . (5) 
This thus allows a straightforward measurement of 
the rate constants of proton transfer (reactions 4 and 
5) from the pseudo first-order disappearance reactions 
of the reacting ions m /z 31 and 30. 
In the case of m/z 28, [C,N,H.J+, ion reacting 
with monomethylamine two ionic products were 
formed (reactions 6a and b), the most abundant being 
the protonated methylamine ion, m/r 32, the other 
being m/z 30. Nitrogen protonated HCN, 
(HCrNH*), should react at the collision rate with 
CH,NH, to yield protonated methylamine: 
HC=NH++ CH,NH, * CH,NHl + CHN (6a) 
It is therefore tempting to ascribe the 10% of reac- 
tion that gives CH,NH: (m/z 30) to a hydride trans- 
fer process by another ionic structure. The most prob- 
able possibility would seem to be HJ=N+, which 
upon hydride abstraction would give a stable methy- 
lene imine neutral product: 
H2C=N++ CH,NH, + CH,NH; + CH,=NH 
(6b) 
The variation of experimental intensities as a function 
of reaction time and the calculated curves (solid and 
dashed lines) obtained through numerical simulation 
of the kinetic differential equations are shown in Fig- 
ure 2. The rate constants derived are given in Table 2. 
Ion-molecule reactions of selectively isolated 
Figure 1. Pulse sequence used to observe the reactions of the 
isolated ion species. 
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Figure 2. Temporal variation of ion species. formed in reaction 
between CHNH+ and methylamine. The lines were calculated 
by assuming rate constants in Table 2. 
CH,NHz (m/z 32) with dimethylamine were studied 
in a mixture of known ratio of monomethylamine and 
dimethylamine (1.0:0.13). The only product ion 
species formed in this system was the protonated 
dimethylamine ion (m/z 46) and the obvious reaction 
assumed to take place was reaction 2. This pseudo 
frrst-order disappearance reaction of protonated meth- 
ylamine (m/z 32) allows an unambiguous measure- 
ment of the rate constant (Table 2). The agreement 
between the collision rate obtained by the trajectory 
calculation and the total experimental rate constants 
indicates that the gauge calibration is very likely excel- 
lent. 
The reactions of selectively isolated CH,NHt (m/z 
31) in a methylamine and dimethylamine mixture 
could be followed in the same manner, but in this 
case three product ion species were formed: CH,NH$ 
(m/z 32), (CH&NH+ (m/z 45), and (CH&NH: 
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(m/z 46), which are assumed to be formed by reac- 
tions 2, 4, 7, 8, and 9: 
cH,m; + (CH&NH+ (CH&NH++ CH,NH, 
(7) 
+ (CH&NH; + CH,NH, 
(8) 
(m&w++ (CH&NH + (CH&NH~ + (CH&N. 
which are all exothermic. The knowledge of the rate 
constants (Table 2) of the proton transfer processes 2 
and 4 allows the calculation of the rate constants of 
the charge transfer (reaction 7), and of the proton 
transfer in reaction 8. In addition, the proton transfer 
in reaction 9 between dimethylamine ions (m /z 45) 
and neutral dimethylamine had to be taken into ac- 
count to accurately model the intensities. The calcu- 
lated rate constants for these reactions are also given 
in Table 2. By using these values the calculated disap- 
pearance or formation curves can be compared with 
experimental data as shown in Figure 3. The fit is 
seen to be satisfactory within the experimental errors 
of the rate constant assignments. 
The reaction of selectively isolated CH,NHl (m/z 
30) in a mixture of methylamine/dimethylamine 
(1.0:0.13) leads to the formation of two product ions: 
CH,NHi (m/z 32) and (CH&NH: (m/z 46). The 
assumption that these ion products are formed in 
reactions 2 and 5 only is erroneous as shown in Figure 
4 by the fact that the calculated curves (dashed lines) 
do not fit the experimental points. In order to get a 
satisfactory fit between calculated curves and the ex- 
perimental data it is necessary to assume an addi- 
tional proton transfer reaction from m /z 30 ion species 
to dimethylamine: 
cH,m; + (CH&NH-+ (CH,),NH;+CH,NH. 
00) 
Table 2. Rate constants for reactions between methylamines, dimethylamines and trimethylamines 
k (Cmas-‘1 x 10’0 
Trajectory 
Reaction ExDerimental calculation [ill 
CH,NH; + CH,NH, 4 CH,NH,+ + CH,NH, 18.8 f 1.9 20.2 
CH,NH: + CH,NH, --) CH,NH: + CH,NH 
[CH,NI++ CH3NH2 -+ CH,NH,+ + CHN 
+ CH,NH: + CH,N 
CH,NH,+ + (CH,k,NH - (CH&NH,+ + CH,NH, 
CH,NH: + lCH,b,NH + KH,I,NH++ CH&H, 
-+ (CH312NHlf + CH,NH> 
CH,NH; + (CH&NH + KZH&NH; + CH,NH 
(CH,l,NH++(CH,),NH + (CH3)2NH$ + (CH,),N 
CH,NHg + lCH,13N -+ lCH,I,NH++ CH,NH, 
CH,NH; + (CH&N + (CH&N++ CH,NH, 
-, (CH&NH++ CH,NH, 
(CH,),N++lCH,,,N * lCH,I,NH++(CH,),NCH, 
15.9 f 1.6 
18.9 + 1.9 
2.4 % 0.4 
16.1 f 1.6 
9.3 A 1.8 
7.7 f 1.4 
16.4 f 1.7 
13.0 f 2.6 
9.3 f 0.9 
15.0 f 5.0 
1.3 * 0.4 
11.1 + 3.3 
20.4 
20.6 
17.5 
17.6 
17.8 
15.9 
15.7 
15.9 
13.2 
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Figure 3. Temporal variation of ion species formed in reaction 
of CH ,NHz in methylamine/dimethylamine (1.0:0.13) mixture. 
The lines were calculated by assuming the rate constants in 
Table 2. 
The rate constant for reaction 10 is given in Table 2, 
and the calculated variations of ion intensities in- 
volved in reactions 2, 5, and 10 are displayed as solid 
lines in Figure 4. 
The same experimental approach was repeated for 
measurements of the charge and proton transfer pro- 
cesses between monomethylamine ions and trimeth- 
ylamine, where a mixture of known ratio of CH&K, 
and (CH&N (1.0:0.09) was used. 
The selectively isolated CH,NHl (m/z 32) ion 
species reacts with trimethylamine in a proton hans- 
fer process only (reaction 3). The pseudo first-order 
kinetics of reaction 3 allows a precise determination of 
the rate constant, which is given in Table 2. 
On the other hand, the CH,NHg (m/z 31) reacts 
0.6 
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Figure 4. Temporal variation of ion species formed in reaction 
of C&NH: in methylamine/dimethylamine (1.0:0.13) mixture. 
The dashed lines were calculated by assuming that only reac- 
tions 2 and 5 are responsible for the production formation, 
whereas the solid lines were calculated by assuming reactions 2, 
5, and 10, respectively. 
with both neutral methylamine and trimethylamine 
giving the ion products CH,NH,+ (m/z 32), 
(CH,),N+ (m/z 59), and (CH&NH+ (m/z 60). Ob- 
viously, the protonated methylamine ion (m/z 32) 
formed in reaction 4 reacts further with trimeth- 
ylamine in reaction 3, while trimethylamine molecular 
ion (m/z 59) is formed in a charge transfer process 
from ionized methylamine: 
cH,NH; + (CH&N -+ (CH&N++ CH,NH, (II) 
However, an additional channel for the formation of 
protonated trimethylamine is an exothermic (by 22 
kcal/mole) proton transfer from CH,NHl (m/z 31) 
to neutral trimethylamine: 
CH,NH; + (CH&N + (CH&NH++ CH,NH, - 
(12) 
This must be taken into account in numerical simula- 
tion. 
As in the previous case, a proton transfer between 
trimethylamine molecular ion (m/z 59) and neutral 
trimethylamine must be assumed to complete the 
possible exothermic reactions occurring in the system: 
(CH&N++ (CH&N --i (CH&NH++ (CH,),NCH, . 
03) 
The knowledge of the proton transfer rate con- 
stants (reactions 3 and 4) allows the calculation of the 
rate constants of reactions 11-13. The results are given 
in Table 2. 
The low fractional intensities of (CH&NH+ (m/z 
59) and (CH&NH+ (m/z 60) formed in reactions 11, 
12, and 13 make the numerical simulation less sensi- 
tive to the assumed rate constant values, and there- 
fore, the uncertainty in these values in Table 2 is 
higher than that in similar reactions (7-9) in the meth- 
ylamine/diiethylamine system. We estimate the un- 
certainty of rate constant values of reactions 11-13 at 
about 30%. 
The experimentally measured rate constant for the 
proton transfer process from the molecular meth- 
ylamine ion (m/z 31) to neutral methylamine in reac- 
tion 4 agrees well with the values published by Jones 
and Harrison [4] and Barassin et al. [7], which were 
obtained in a high-pressure mass spectrometer and a 
drift tube, respectively, and is higher by around 15% 
than the value of McMahon and Beauchamp [S] ob- 
tained in an ICR instrument. It also compares satisfac- 
torily with the ion-polar molecule collision rate con- 
stant obtained by trajectory calculation [ll] (Table 2). 
We believe that measuring the rate constants in a 
high-pressure mass spectrometer, where individual 
contributions from molecular and fragment ions to 
product ions are not easily unraveled, accounts for 
the discrepancies shown in Table 1. 
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Figure 5. Temporal variation of ion species formed in reaction 
of CH,NHz in methylamine/trimethylamine (1.0~0.09) mixture. 
The lines were calculated by assuming the rate constants in 
Table 2. 
Our rate constant value for reaction 5 suggests that 
proton transfer occurs at or near collision rate, which 
is quite reasonable. 
The same argument applies to the reaction of 
[C,N,HJ+ (m/z 28) ions with methylamine where 
two product ions are formed, with one of them, m/z 
31, reacting further with neutral methylamine. The 
advantage of using the selective ejection technique is 
clearly seen in this case. It was previously reported 
that this ion reacts only in a proton transfer process 
(reaction 6a) [2, 4, 51, but present results reveal that a 
less energetically favored hydride transfer process 
characterized by a relatively low rate constant is also 
taking place. Obviously, in a high-pressure mass 
spectrometer where many reacting ions are simultane- 
ously present in the collision cell, the unraveling of 
complex kinetics is sometimes impossible, and the 
simplihed kinetic models assumed do not necessarily 
give conclusive results. 
As expected, the proton transfer process from 
CH,NHl (m/z 32) to dimethylamine (reaction 2) is a 
very fast reaction occurring, within experimental er- 
ror, at or neaT collision rate (Table 2). The molecular 
methylamine ion (m /z 31) reacts with diiethylamine 
at the collision rate with almost equal probability in 
two reaction channels: charge and proton transfer 
processes (reactions 7 and 8). 
The proton transfer in reaction 3 between the pro- 
tonated methylamine ion (m/z 32) and trimeth- 
ylamine occurs at about 60% of the collision rate, 
which indicates that some steric effects might play a 
role in proton transfer between the reactants. 
In the case of the reaction between methylamine 
molecular ion (m/z 31) and trimethylamine (reactions 
11 and 12) in the methylamine/trimethylamine sys- 
tem, the situation is reversed compared to that of the 
methylamine/dimethylamine system. Here, due to the 
greater difference in ionization energies, the fastest 
reaction is the charge transfer process from CH,NHg 
to (CH&N, while the proton transfer (12) is about 
one order of magnitude slower. This results in the 
greater abundance of rn /z 59 than of m /z 60 in 
Figure 5. However, in order to get a reasonable fit 
between experimental results and the numerical simu- 
lation in both systems, methylamine/dimethylamine 
and methylaminejtrimethylamine, it is necessary to 
assume that the additional fast proton transfer pm- 
cesses (9 and 13) occur at nearly the collision rate 
(Table 2). It is known that charge transfer competes 
with proton transfer when di.&rences in the ioniza- 
tion potentials of the reactants make such process 
exothermic, which is the case for these systems. The 
present results thus support conclusions drawn in 
earlier mass spectrometric and radiolysis studies of 
C,Hi species with methylamines [17, 181. 
Conclusion 
The above experiments reveal the power of the FT-ICR 
techniques in unraveling the complex kinetics and 
mechanistic details of parallel and sequential reactions 
in mixtures, The selective ion ejection technique 
greatly simplifies such elucidations, which are ulti- 
mately validated by the use of the kinetic numerical 
simulation. 
The present results show that the rate constants of 
proton transfer from molecular ions of methylamines, 
(CH,),NH$_,(n = l-3), to their own neutral species 
are near the collision rate. On the other hand, while 
the rate constant of proton transfer from CH,NHi 
(m/z 32) to dimethylamine seems to be near the 
collision rate, it drops to around 60% when reacting 
with trimethylamine. In addition to proton transfer 
reactions, charge transfer processes occur from meth- 
ylamine molecular ion (m/z 31) to di- and trimeth- 
ylamines, which complicates the kinetics of these sys- 
tems. 
The ion-molecule reactions observed in meth- 
ylamine and dimethylamine and trimethylamine sys- 
tems have to be taken into consideration when mea- 
surements of slower rate constants of nudeophiic 
substitution in these systems are to be studied. The 
data in this article provide the means to do this 
quantitatively. 
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